Contextual modulations of receptive field properties by distal stimulus configurations have been shown for a variety of stimulus paradigms. A survey of excitatory contextual modulation data for V1 shows the maximum scale of interactions, measured in terms of distance in V1, to be between 10 mm and 30 mm. Different types of excitatory contextual modulation in V1 occur throughout the interval of 40-250 ms after stimulus delivery. This window provides opportunity for global propagation of visual contextual information to a subset of V1 neurons, via several routes within the visual system. We propose a number of experiments and analyses to confirm the results from this empirical survey.
Introduction
When a stimulus is presented outside the classical receptive field cRF!, no strong neuronal response is observed in the primary visual cortex~V1!~Hubel & Wiesel, 1962!. The cRF of V1 neurons have been described as spatially localized filters, selectively tuned for orientation and spatial frequency~Schiller et al., 1976; Movshon et al., 1978 !. The filters are regarded as spatially localized, because stimuli of small visual angle appear both necessary and sufficient to achieve an optimal response. The tuning of the localized filters in V1 has been considered largely independent of the perceptual context~De Valois et al., 1979!. A number of excitatory contextual modulation effects, not confined to the cRF, have been found in the monkey. Excitatory contextual modulation refers to increases in the activity of neurons that depends on stimulus features outside the cRF. Contextual modulation is not dependent on specific cues, such as texture boundaries, but can be found for a diverse range of stimulus types Zipser et al., 1996 !. These effects suggest a second set of mechanisms at work, distinct from cRF processes~Lamme et al., 1998a!. Contextual modulation effects imply that V1 is involved in complex visual perception and participates in interpretation of the visual scene~Li et al., Zipser et al., 1996 !. In addition to serving as a way-station in which local pre-processing takes place, V1 may act as a high resolution buffer; within this framework V1 may be involved in many levels of visual processing, including integrating global information with spatial precision~Lee et al., 1998!.
A number of findings have indicated that excitatory contextual modulation of V1 neurons can result from stimuli that cover extensive regions of the visual field. This paper is concerned with the maximum extent of excitatory contextual interactions, assuming there is a range of interaction scales, with most interactions being over shorter distances. A survey of the contextual modulation literature and unpublished data sets indicates that excitatory contextual modulation can be elicited in V1 neurons by distal stimulus configurations corresponding to cortical distances of up to 10 mm to 30 mm, depending on the stimulus paradigm. Some stimulus paradigms show no evidence of a decline in excitatory contextual modulation with distance. A survey of the contextual modulation literature shows that excitatory contextual modulation can occur over a range of time-scales, and is generally delayed with respect to the initial feedforward response. The modulation can extend up to 250 ms post-stimulus, providing ample opportunity for widely separated neurons in V1 to interact functionally.
The experiments cited in this paper make use of a variety of definitions of neuronal activitation by localized stimuli in the visual field. The cRF is synonymous with "minimum response field," and it is tested with a small probe~usually a spot, or short slit of light!. The cRF of a neuron has been defined as that part of the visual field from which a stimulus can elicit strong activity. The aggregate classical receptive field~AcRF! is that section of the visual field that influences activity recorded at multiple neurons. The cRF differs from the "summation field," which is measured by systematically increasing the diameter of a stimulus. The summation field is generally larger than the respective cRF. The measures of excitatory contextual modulation cited in this paper encompass a wide range of stimulus types. In all cases cited, the distances refer to the radius of the stimulus~or half-width or half-length where appropriate!.
Extent of contextual modulation in V1
Modulatory interactions can be measured in V1 in response to distal stimulus features in the visual field. Distance estimates in this paper are given in terms of distances in V1 rather than distances in the visual field because the cortical magnification factor~CMF! varies so markedly across the extent of V1 and other visual areas. Cortical distances in V1 therefore more closely reflect anatomical constraints on cortical visual processing.
The focus of this paper is the maximum of the range of modulatory influences. The bulk of interactions are much shorter than this maximum, as a matter of definition. The V1 CMF equations of Tootell et al.~1988! were used to estimate cortical distances. Specifically, the CMF estimate of the vertical and horizontal meridian was calculated for a given eccentricity, and then the two values averaged. Perusal of Fig. 1 shows that a curve with values positioned mid-way between "Tootell VM" and "Tootell HM" constitutes a median-like compromise given the CMF estimates provided by a number of authors~see Table 2 for actual numerical values used for the CMF estimates in this paper!.
Cortical distances of excitatory contextual modulation were estimated where contextual modulation data and reliable estimates of eccentricity of the cRF were available for individual neurons. Previously published results and data supplied by researchers enabled estimates of the maximum cortical distance of excitatory contextual modulation to be estimated for six different stimulus paradigms. A summary of the survey results for the macaque is presented in Van Essen et al., 1984; Tootell et al., 1988; Schwartz, 1977; Gattass et al., 1981 !. Mp and Me refer to estimates of the CMF along iso-polar and iso-eccentric lines, respectively; VM and HM refer to estimates of the CMF along the horizontal and vertical meridians, respectively. 5. Curve tracing: the activity of V1 neurons can be modulated when the RF of a neuron lies on a curve that the monkey is attending to~Roelfsema et al., 1998!. The monkey is trained to fixate on one end of the curve and to ignore a similarly positioned distracter curve.
6. Artificial scotoma: very large, low contrast bars activate a neuron's RF, even when a large mask~5-10 times RF size! is placed over the RF~Fiorani et al., 1992!.
The data-points used to calculate maximum cortical distance are shown in Table 2 . The results show that stimulus configurations radii! covering cortical distances in V1 of 10 mm to 30 mm can modulate activity of V1 neurons in an excitatory fashion; the estimated maximum distances vary depending on the nature of the stimulus paradigm. The six measures of cortical distance provided here involve varying combinations of sub-cortical, intra-striate, and extra-striate interactions; but all involve measurable effects in V1. Are these measures characteristic of the maxima of the range, or are they spurious outliers? Perusal of published distributions Fiorani et al., 1992, Fig. 5; Zhou et al., 2000, Fig. 19; Rossi et al., 2001 ; Table 1 ! and the additional data points given in Table 2 indicate that for the most of the stimulus types the calculated values cannot be mere outliers, but are characteristic of the maxima of the distributions. For the curve tracing effect, there is no evidence of a weakening of the excitatory modulation over any of Other measures of the maximum range of excitatory contextual modulation in this survey have been expressed in units of RF size because in these cases the cortical distances could not be estimated from the available data~see Table 1 !. These measures are not always directly comparable to each other, because the definitions of RF size vary from paper to paper; we therefore use the generic term RF. The measures are provided here as supporting evidence for the cases where cortical distances were estimated, to show the generality of these effects across stimulus paradigms.
The peak area summation to low contrast gratings can be as large as 6 times the peak area summation to high contrast gratings Sceniak et al., 1999 , diagram 3!. The maximum response to Glass patterns reported in Smith et al.~2002! was 5 ϫ RF size. For V1 neurons that respond to the illusory contours of Kanizsa squares, the maximum distance reported was 6 ϫ RF size~Lee & Nguyen, 2001!. For neurons that had a center response to large, textured defined shapes, the maximum distance reported was also 6 ϫ RF size~Lee et al., 1998!. Estimates of the cortical extent of signal processing in V1 generally use equations based on the CMF. However, the CMF is not an accurate method to estimate cortical distances for large stimuli, because the stimulus representation is highly elongated towards the fovea. For example, a circular stimulus whose center is positioned at an eccentricity of 2.38, and has a radius of 2.38, stretches all the way to centre of the field of vision, by definition. This corresponds to a cortical distance of ;20 mm in V1~Tootell et al., 1988!, compared to an estimate of ;10 mm based on the CMF. Two factors suggest the distance along the elongated axis may be a more appropriate estimate of the maximum cortical distance involved. First, intrinsic patchy connections are themselves elongated in the foveal direction, matching the elongation of Table 2 for consistency with previous studies, but it may underestimate the maximum cortical distances involved in distal excitation by as much as a factor of two.
The timing of contextual modulation in V1
Presenting simple, isolated, high contrast stimuli on a grey background produces a strong initial response in V1 neurons between 40-60 ms after stimulus onset, and it has been suggested that this initial peak carries more information than the later response components~Heller et al. , 1995; Gershon et al., 1998; Li et al., 2000; Angelucci & Bullier, 2003!. A number of experiments suggest the initial impulse response is reduced under different stimulus conditions. First, low contrast stimuli do not produce an early, strong impulse response~Kapadia et al., 1999, figure 5c!. Instead, the neuronal response has a longer time-course, peaking about 110 ms after the stimulus. A similar effect occurs for high contrast bars embedded within a field of randomly oriented bars. The impulse response is greatly reduced and there is another, almost equal, peak in the response at around 140 ms~Kapadia et al. Table 3 presents evidence that the relevant time-course of V1 neuronal activity extends from 40 to 250ϩ ms, with unique components appearing throughout this interval. There is some evidence that surround effects alone can drive a V1 neuron at the earliest of these latencies~Sugita, 1999!. The more complex the stimulus feature, the more delayed the response in V1. This is apparent in the latencies to figure versus ground enhancement Lamme, 1995 For large contextual modulation distances, is it meaningful to give estimates of cortical distance in V1? It is possible that, outside the distance of surround interactions, modulatory influences in V1 are unrelated to the topography of V1 and hence to distances in the visual field. Several findings, however, suggest that delays in response onset in V1 are systematically related to distance in the visual field. A majority of V1 neurons show increasing delays in the onset of inhibition with increasing size of the high contrast grating~Bair et al., 2003, figure 7a!. The effect has been tested to a cortical distance of 12 mm. An increase in delay with stimulus 
Routes of contextual modulation in V1
An important route for contextual modulation in V1 is via extrastriate areas. Extra-striate areas are able to provide widespread modulatory influence because they have large RF sizes compared to V1 and the high conduction velocities of myelinated corticocortical fibers mean the entire visual cortex is temporally compact Hupe et al., 2001; Girard et al., 2001 !. The role of extrastriate feedback in contextual modulation is also indicated by timing of activations; the activation of extrastriate areas generally precedes the contextual modulation measured in V1~Zipser et al., 1996!. Standage & Benevento, 1983; Ungerleider et al., 1984; Rodman et al., 1990; Ffytche et al., 1995 !. These considerations are consistent with the timing of contextual modulation effects listed in Table 3 , showing that some types of contextual modulation can occur concomitantly with the early neuronal responseeven though other types are delayed substantially with respect to feedforward inputs.
Some types of excitatory contextual modulation, such as flank facilitation~Kapadia et al., 1999!, are proposed to be mediated by patchy horizontal fibers intrinsic to V1. Surround only textures show relatively long delays in onset of contextual modulation, delays that increase linearly with increasing distance between the surround edge and the RF. Patchy horizontal fibers in V1 therefore also potentially play a role in these effects~Rossi et al., 2001!. However, the short range of the patchy fibers, in combination with the smaller RF sizes in V1~Hubel & Wiesel, 1968!, and slow conduction velocities of V1 patchy horizontal fibers compared to extra-striate feedback connections~Angelucci & Bullier, 2003!, have lead most researchers to conclude that extra-striate feedback is the mechanism by which contextual modulation occurs over large distances in V1~e.g., Lamme et al., 1998a; Roelfsema & Spekreijse, 1999; Angelucci et al., 2002; Hupe et al., 2001; Lee & Mumford, 2003!. Widespread contextual interactions can also occur prior to visual signals reaching V1. Two examples of excitatory influence from outside the classical surround will be given here by way of illustration. First, widespread excitatory interactions occur as early as the ganglion cells in the retina, demonstrated by the shift effect in the monkey~and the related periphery effect in the cat; McIlwain, 1964; Fischer & Kruger, 1974; Kruger et al., 1975; Kruger, 1977 
Discussion
A survey of published and unpublished data shows that excitatory contextual modulation can be elicited by distal stimulus configurations at distances in V1 of up to 10 mm to 30 mm, depending on the stimulus paradigm. Some stimulus paradigms show no evidence of a maximum range of effect. The timing of the contextual modulation in V1 is generally delayed with respect to the initial feed-forward response, and can extend up to 250 ms depending on the stimulus paradigm. This window provides ample opportunity for widespread propagation of contextual information to V1 neurons via a range of anatomical routes.
A number of experimental and analytic approaches are suited to the study of widespread excitatory contextual modulation in V1. In the following paragraphs we discuss manipulations of the effects of delay on contextual modulation, and stimulus paradigms under which the maximum extent of excitatory contextual modulation can be further explored. Additionally, we discuss the usefulness of Fourier-related analytic tools in detecting temporally and spatially extended patterns of activation.
Contextual information that is delayed with respect to feedforward processes can play an important functional role because during normal perception, visual context gives rise to ongoing, background neuronal activity within which specific feature discriminations take place. An interesting experimental approach would therefore be to manipulate foreground stimuli such that contextual modulation in V1 that is delayed with respect to feedforward inputs to V1 by x ms has the opportunity to simultaneously interact with feedforward inputs. This effect can be achieved by delaying onset of the foreground stimulus by x ms with respect to the contextual stimulus. The effects of retinotopic distance on delay of contextual modulation in V1 could also be incorporated into this stimulus manipulation. It would also be of interest to verify the effects of distance on delay for a wider range of stimulus paradigms, including relative luminance, distal modulation of the color response, and artificial scotoma.
Testing the maximum extent of horizontal interactions in V1 requires somewhat different experiments to the standard paradigms~e.g. small, quasi-static, high contrast gratings!. Tuning properties of neurons can be further explored using very large, low contrast, low spatial frequency, and texture-defined stimuli. "Very large" here means up to the size of the entire visual field. Low contrast stimuli are known to induce larger summation fields Sceniak et al., 1999 ! and texture defined figures~e.g. Lee et al., 1998 ! have maxima in size-tuning curves that are many times RF size, and are size-invariant with respect to their border response. We suggest that under some combination of these conditions, the maximum extent of excitatory contextual modulation in V1 will be found to be much greater than is currently assumed. These properties will be sub-optimal for many neurons, as measured according to the definition of the cRF. However, novel approaches to studying tuning properties under conditions where contextual information is present may yield a different picture of neuronal selectivity.
Highly apposite in this regard are the extra-RF modulations of orientation preference have been demonstrated in V1 of the ferret Basole et al., 2003 !. In particular, line-length~tested up to 108! and speed of motion~up to 10080s! can strongly alter the orientation preference of V1 cells when activity is measured over 2 seconds of the stimulus presentation. Related findings have been made in monkey V1 for speed of motion~Geisler et al., 2001!, for changes between the early and late components of the orientation response to large gratings~Ringach et al., 1997! and for texture defined boundaries~Lee et al., 1998!. The findings made for the ferret should therefore generalize to the monkey, and show that widespread contextual influences are capable of strongly altering the orientation preference of neurons in monkey V1.
The relevance of cortical dynamics is a controversial topic in visual neuroscience, but findings in relation to spatial and temporal integration offer further novel avenues to analyze experimental data. The majority of V1 studies measure stimulus locked activity, which is distinct from signals that are stimulus induced but not phase-locked to the stimulus. Measurement of stimulus-induced activity requires activity statistics to be calculated in the frequency domain~i.e., via Fourier and related methods! because in the time domain non-phase-locked activity is removed by averaging. We have recently proposed that wave propagation, via polysynaptic routes within V1, offers a complementary mechanism for widespread horizontal propagation of information~Alexander et Wright et al., 2006!. Stimulus induced gamma activity peaks some 100 ms after the peak in stimulus locked gamma~Juergens et al., 1999!. Whereas the duration and amplitude of gamma-band episodes decrease after this time, the episodes continue for as long as the stimulus is present; this has been measured for up to 3 seconds~Rols et al. 
